Neuroprotectin D1 (NPD1), a docosahexaenoic acid (DHA)-derived mediator, induces cell survival in uncompensated oxidative stress (OS), neurodegenerations or ischemic stroke. The molecular principles underlying this protection remain unresolved. We report here that, in retinal pigment epithelial cells, NPD1 induces nuclear translocation and cREL synthesis that, in turn, mediates BIRC3 transcription. NPD1 activates NF-κB by an alternate route to canonical signaling, so the opposing effects of TNFR1 and NPD1 on BIRC3 expression are not due to interaction/s between NF-κB pathways. RelB expression follows a similar pattern as BIRC3, indicating that NPD1 also is required to activate cREL-mediated RelB expression. These results suggest that cREL, which follows a periodic pattern augmented by the lipid mediator, regulates a cluster of NPD1-dependent genes after cREL nuclear translocation. BIRC3 silencing prevents NPD1 induction of survival against OS. Moreover, brain NPD1 biosynthesis and selective neuronal BIRC3 abundance are increased by DHA after experimental ischemic stroke followed by remarkable neurological recovery. Thus, NPD1 bioactivity governs key counter-regulatory gene transcription decisive for retinal and brain neural cell integrity when confronted with potential disruptions of homeostasis.
Docosahexaenoic acid (DHA; 22 : 6, n-3) is richly endowed and conserved in the retina and the brain. 9 Upon uncompensated oxidative stress (OS), the onset of neurodegenerative diseases or ischemia-reperfusion, DHA is released by phospholipase A2 (PLA2) and stereoselectively oxygenated in carbons 10 and 17 by 15-lipoxygenase-1 (15-LOX-1). 10 Neuroprotectin D1 (NPD1; 10 R,17Sdihydroxy-docosa-4Z,7Z,11E,15E,19Z hexaenoic acid) is released from the cell 10 and activates a high-affinity binding site, 11 setting in motion signaling to sustain homeostasis toward cell survival. NPD1 upregulates Bcl-2, Bcl-xl and Bfl-1/A1 and attenuates the expression of Bax, Bad and Bid. 12, 13 Furthermore, NPD1 reduces caspase 3 activation induced by oxidative and proteotoxic stress. 14, 15 To define the mechanisms by which NPD1 modulates neural cell survival, we used human retinal pigment epithelial (RPE) cells, which are neuroectoderm-derived post-mitotic cells of the retina, an integral part of the central nervous system. [16] [17] [18] We report here that, in RPE cells, NPD1 induces cREL transcription and nuclear translocation that, in turn, mediates BIRC3 transcription and cell survival against OS. Furthermore, our data reveal that upregulation of NPD1 biosynthesis supports selective neuronal cREL and BIRC3 abundance, providing remarkable neurological recovery in experimental ischemic stroke.
Results
NPD1 stereoselectively enhances BIRC3 expression upon OS. NPD1 modulates the expression of proteins that counteract apoptosis, and it regulates inflammation under uncompensated OS. 12, 18, 19 Table S1 ). In 15-LOX-1-silenced cells, which exhibit 90% decrease in NPD1 synthesis, 10 BIRC3 mRNA levels are close to those observed in controls, suggesting that no BIRC3 induction occurs in the absence of NPD1. BIRC3 protein expression followed the same pattern of increment 2 h later (Supplementary Figure S1b, Supplementary Table S1 ). OS alone triggered BIRC3 expression in normal cells (Supplementary Table S1 ), but the addition of NPD1 potentiated this effect ( Figure 1a , Supplementary Table S1), suggesting that endogenously synthesized NPD1 induced BIRC3 expression. To assess whether NPD1 specifically targeted BIRC3 transcription, and to determine the timeframe of activation, a qPCR assay was run that tested BIRC1 through BIRC8 on ARPE-19 cells after 2, 4 and 6 h of OS treatment in the presence or absence of 100 nM of NPD1 (Figure 1a and Supplementary Table S1 ). Only BIRC2, 3 and 4 showed at least a two-fold increase in expression under these conditions. From this subset, only BIRC3 and BIRC4 expression was increased differentially by NPD1. BIRC3 activation was observed as early as 2 h and peaked at 4 h. OS was an early activator of BIRC3 expression, but the effect declined after 6 h. The addition of NPD1, however, induced longer-lasting BIRC3 expression, and its decrease was not as steep as the expression in the absence of NPD1 (Figure 1a ), suggesting that endogenous NPD1 may be responsible for the sustained activation observed. To evaluate the specificity of NPD1 on BIRC3 transcription activation, cells were treated with 100 nM functionally-and structurally-related lipids, including lipoxin A4 (LXA4) and maresin 1 (Figures 1bii-vi) , and challenged with 600 μM H 2 O 2 /10 ng/ml TNF-α. LXA4 is a resolutionof-inflammation mediator derived from arachidonic acid, 20 and maresin 1 is a DHA-derived mediator made by macrophages that also displays protective bioactivity. 21 The data show that the NPD1 stereoisomer S-R (Figure 1bi ), but not S-S or R-R (Figures 1biii and v) , increased the expression of BIRC3 above the levels of OS-treated cells, indicating stereospecificity in the response (Figure 1b) . On the other hand, neither maresin 1 nor LXA4 augmented BIRC3 abundance over the limits of OS, indicating that BIRC3 is a specific target of NPD1. To evaluate the NPD1-dependent increase in BIRC3, its messenger was transiently knocked down and its expression was triggered by OS and NPD1. Increasing siRNA concentrations lowered BIRC3 mRNA expression correspondingly, which reached a maximum at 20-50 pmol/ml of cultured medium (Figure 1c) . Altogether, these results suggest that transcription of BIRC3 mRNA is stereospecifically and selectively enhanced by NPD1.
TNFR1 signaling opposes NPD1-mediated BIRC3 transcriptional induction. BIRC3 interacts with tumor necrosis factor receptor-associated factor (TRAF) proteins associated with tumor necrosis factor receptor 1 (TNFR1), CD40 and other receptors as part of the canonical and non-canonical activation of NF-κB.
2 ARPE-19 cells (which stably expressed shRNA that target TNFR1, as observed here) showed a 50% reduction in receptors ( Supplementary Figures S2a and b) and were resistant to H 2 O 2 /TNF-α-induced OS (Figures 2a  and b ). To induce cell death, TNF-α was added to complement H 2 O 2 since RPE cells are highly resistant to peroxide alone.
12 TNFR1-silenced cells exposed to 6 h of 600 μM H 2 O 2 /10 ng/ml TNF-α in the presence or absence of 100 nM NPD1 showed higher levels of BIRC3 expression compared with control cells (Figure 2c ), suggesting that TNFR1-dependent pathway competes in modulating BIRC3 transcription. To assess whether or not NPD1 bioactivity interferes with the canonical activation of NF-κB to promote the increase of BIRC3 expression, two steps of the pathway were checked. At an early point during NF-κB activation, the phosphorylation status of IκB (nuclear factor of kappa light polypeptide gene enhancer in B-cell inhibitor, alpha) was evaluated by western blot. Canonical activation of NF-κB requires phosphorylation and degradation of IκB by the proteasome. Under these conditions, the translocation of p65 dimers occurs. To test whether or not the TNFR1 pathway was impaired by NPD1, a time course for IκBα and β was performed. The phosphorylation of IκBα and IκBβ was not reduced by NPD1, and moreover, a decrease in total IκBα and IκBβ was noticeable at 30 min (Figures 2d and e) and 2 h when compared with resting cells (Supplementary Figures  S3a and b) . This suggests that NPD1 does not block the early canonical NF-κB activation pathway. Furthermore, after 30 min of treatment, NPD1 enhanced the phosphorylation of IκBα and IκBβ (Figures 2d and e) , probably via a pathway other than the one activated by OS. 22 Later in the pathway, transcriptionally-active NF-κB dimers were evaluated using a construct containing three p65/RelA and p50 high-scoring sites in tandem (Supplementary Table S5 ), driving the expression of the luciferase reporter gene. Accordingly, downstream of the TNFR1 pathway, at the level of NF-κB transcriptional activity, TNFR1-silenced cells showed half the activity of the negative control shRNA (NC) when treated with OS plus TNF-α (Figure 2f ). For NPD1 and NPD1 treated cells, the same trend was also observed at 4 h, except OS did not alter luciferase expression (Supplementary Figure S2c) . Although, the main NF-κB activity observed in control cells may be attributed to p65 dimers, the NF-κB binding sites contained in the construct showed lower scores for cREL (Supplementary Table S5) . Thus, the increase in NF-κB transcriptional activity displayed by OS plus NPD1 in TNFR1-silenced cells may also be due to the activation of cREL dimers. These results suggest that the effect of NPD1 on NF-κB activation is TNFR1 independent. Also, we observed that NPD1 did not interfere with the early or late canonical activation of NF-κB, suggesting that NPD1 may enhance BIRC3 transcription by other means than blocking of TNFR1 signaling. Therefore, the opposing effects displayed by TNFR1-dependent activation and NPD1 on BIRC3 expression are not likely due to interaction/s with the two main pathways of NF-κB activation.
cREL is the intracellular messenger of NPD1-mediated BIRC3 expression. Although it was previously shown that NF-κB is an enhancer of BIRC3 transcription, 23 the identity of the dimer and the role of NPD1 signaling are currently Figure 3a ) driving the expression of luciferase in OS conditions. The effect of NPD1 on the construct − 247 followed the same pattern as the BIRC3 mRNA (Figures 3b  and c) at the 4-and 6-h time points; in addition, luciferase levels declined after 12 h (Supplementary Figure S4b) . Then, the effect of NPD1 was evaluated in constructs containing disruptive mutations on the three binding sites (Figure 3a) . Mutation of the − 210 and − 147 sites separately decreased the activity of the promoter, mainly the one triggered by OS alone (Figure 3c ). Specifically, the disruption of the − 147 site abolished NPD1 differential activation, suggesting that this latter binding site is the one influenced by NPD1 (Figure 3c ). Simultaneous mutation of both sites completely abrogated the expression of the reporter gene ( Figure 3c ). The mkB2 construct displayed no differences in activity for the wild-type construct (−247), suggesting that the − 197 site is not involved in regulation. In addition, the − 197 site was previously reported to be silent for NF-κB. 23 These results suggest that the − 210 is an active binding site for cREL and that the − 147 element has an important part in NPD1-mediated BIRC3 gene regulation (Figure 3d ).
NPD1 triggers cREL gene transcription and nuclear translocation. To define the role of cREL in the activation of BIRC3 transcription, we focused on changes in the distribution of cREL in response to OS, and on how NPD1 affects this process. When cells were incubated with H 2 O 2 and TNF-α to induce OS, an increase in nuclear signaling was observed at 2 h, followed by a steep decrease at 4 h, and then another rise at 6 h (Figures 4a and b) . At 6 h, no difference was observed between OS and OS plus NPD1 treatments, probably because of the ongoing endogenous synthesis of NPD1. Nuclear translocation of cREL was confirmed by western blot of nuclear extracts obtained after 2 h of treatment ( Figure 4d ). The increase in cytoplasmic cREL-positive cells mirrored that observed in the nuclei at the 2-h time point (Figures 4b and c) . On the contrary, at later time points cytoplasmic-positive cells did not vary with treatments, suggesting that the 2-h wave of translocation leads to de novo cREL expression (Figure 4c ). Furthermore, the total amount of cREL protein increased with the addition of NPD1 at 4 h of treatment ( Figure 4e ). ChIP assay confirmed enhanced activity, showing that cREL binding to genomic DNA was higher in the presence of NPD1 than in controls and cells treated with OS alone (Figure 4f ). As described above, although its value was lower than cREL, p65/RelA scored significantly positive for the sites in the BIRC3 promoter (Supplementary Table S2 ); thus, p65/RelA may be a second activator of BIRC3, perhaps as part of the p65/RelA-cREL dimer (Figure 3d ). Because of this, p65/RelA was co-immunoprecipitated with cREL at 4 h of treatment as well (Figure 4g ). Remarkably, the NF-κB complexes were enriched in cREL when cells were treated with OS plus NPD1 and p65/RelA levels were down (Figure 4g ). These observations support the NPD1-triggered rise in cREL expression that took over the NF-κB-active dimer. To examine whether or not cREL is part of the signal amplification loop, the expression of cREL was assessed in cells exposed to OS in the presence and absence of NPD1 at 2, 4 and 6 h. cREL mRNA increased two-fold at 2 h and almost five-fold at 4 h, and at this latter time the presence of NPD1 increased expression to levels greater than those attained by OS alone (Figure 4h) .
Intriguingly, RelB expression also showed an elevation at 4 h. After 6 h, cREL activation was lessened, but RelB levels were still higher than controls (Figure 4h ), suggesting a different time pattern. RelA showed no differences between treatments or times ( Figure 4h ). In silico analysis of cREL and RelB promoters showed that both promoters contain cREL binding sites (Supplementary Tables S3 and S4) .
To confirm whether cREL is a key mediator of BIRC3 activation, we silenced its expression in human RPE cell primary cultures. cREL expression was decreased in a dosedependent manner in human RPE primary cells (Figure 4i ), providing evidence for NPD1-induced cREL transcription; RelB expression also was affected ( Figure 4j ). cREL silencing decreased the levels of NPD1-dependent RelB expression to those achieved by OS alone, suggesting there are at least two components involved in RelB activation: one triggered by NPD1 and the other by OS (both of which are mediated by cREL in a different manner and probably by different dimers). This is consistent with the model proposed for the BIRC3 promoter in Figure 3d . Finally, BIRC3 mRNA was decreased by silencing cREL in the presence and absence of NPD1 ( Figure 4k) ; thus, BIRC3 mRNA induction depends on cREL synthesis. The temporal expression pattern followed by these three genes is illustrated in Figure 4l , and the translocation of cREL is shown in Figure 4m . Altogether, these results suggest that NPD1 triggers cREL mobilization into the nucleus in a periodic manner to jumpstart the expression of a cluster of pro-survival genes, likely as a consequence of increased abundance of cREL homodimers.
NPD1 fails to rescue BIRC3-silenced RPE cells from OS-induced apoptosis. To assess the significance of BIRC3 in NPD1-triggered survival signaling, BIRC3 or cREL was silenced and apoptosis was induced by OS. NPD1 failed to rescue BIRC3-and cREL-silenced ARPE-19 and human RPE cells (Supplementary Figures S5 and S6 ) from apoptosis (Figures 5a-e). In addition, the overexpression of both cREL and BIRC3 (Figures 5f and g; Supplementary Figure S7 ) decreased OS-induced cell death to the levels observed with NPD1 treatment (Figures 5f-h) . Furthermore, overexpression of cREL led to an increase in the BIRC3 protein (Figure 5f ). In addition, the overexpression of cREL and BIRC3 siRNA-resistant open reading frames rescued the decreased expression and increased apoptosis induced by OS in the corresponding silenced cells (Figures 5i and j) . The amount of transfection reagent required to perform the co-transfection induced a sensitization of the cells, lessening the differences between treatments and reducing the effects of overexpression, as shown in Figure 5h . Previous reports show that NPD1 prevents caspase 3-dependent apoptosis. 12, 14, 18 To determine whether the level of active caspases 3 and 7 regulated by NPD1 is mediated by BIRC3, silenced cells were challenged with OS. Fifty percent of the BIRC3 knockdown cells were caspase positive compared with 35% of the control cells, and NPD1 reduced this percentage to control levels only in cells expressing normal (Figures 5k and l) . Also, Z-VAD, a pan caspase inhibitor, consistently prevented activation of caspases 3 and 7. These results suggest that the NPD1-mediated increase in BIRC3 levels thwarts activation of effector caspases 3 and 7. It has been proposed that BIRC3 has the capability of binding effector caspases, but that it is not able to inhibit their activity. 24 To investigate the mechanism by which NPD1/BIRC3 induces a decrease in activated effector caspases, and whether or not RIP1 is involved in NPD1/BIRC3-mediated survival, Nec1, an inhibitor of RIP1, was included in the treatment. BIRC3 knockdown prevented NPD1 from affecting OS-induced apoptosis. Nec1 reversed this effect, showing that RIP1 is involved in the apoptotic process prevented by NPD1 (Figure 5m ). To test the role of NPD1-induced BIRC3 in the prevention of necrosis, we silenced BIRC3 and applied OS, Z-VAD and/or Nec1. OS alone increased the percentage of necrotic cells, and NPD1 attenuated these effects (Figure 5n ). When BIRC3 was silenced, as expected, the levels of necrosis were not reduced by NPD1. The addition of Nec1, or both Nec1 and NPD1 together, to the treated cells decreased the levels of necrosis and apoptosis to control levels. These results suggest that RIP1 is involved in the necrosis and apoptosis triggered by OS and that its relative abundance may be controlled by NPD1-dependent BIRC3. Previously, it was shown that some growth factors have the ability to induce NPD1 synthesis and promote cell survival. 13 To assess whether these two survival-promoting effects were achieved through a common pathway, we silenced cREL and challenged the cells with OS in the presence or absence of DHA plus the growth factors PEDF, FGF, CNTF or BDNF. cREL silencing exacerbated the apoptosis induced by OS in PEDF-, CNTF-and FGF-treated cells, following the same trend observed in NPD1-treated cells (Figure 5o , lower panel). On the other hand, no change was observed for BDNF silenced and control cells; since both types were protected equally, this suggest that its effect is cREL independent. It was shown previously that these four growth factors induce NPD1 synthesis in RPE cells 13 and that endogenous NPD1 synthesis is noticeable 4-5 h after treatment. 10 To test whether cREL was activated in direct response to the addition of these growth factors or through NPD1 signaling, the translocation of overexpressed cREL fused to green fluorescent protein (GFP) was assessed after 2 h of treatment. None of the growth factors induced translocation of cREL above the control level ( Figure 5o ). As expected, exogenously-added NPD1 increased cREL translocation at 2 h, consistent with the results mentioned above (Figures 4b and d) . When cREL was silenced, the protection exerted by the growth factors PEDF, FGF and CNTF, when added along with DHA, was abolished following the same trend as NPD1 (Figure 5o ). This provides evidence that endogenous production of NPD1, when triggered by these growth factors, activates cREL-dependent survival against OS-induced apoptosis. Overall, these results suggest that exogenously-added and endogenously-synthesized NPD1 exerts its protection through the increase in cRELmediated BIRC3 expression. BIRC3 instead interacts with the RIP1 complexes, preventing effector caspases 3 and 7 from being activated, and thus decreasing apoptosis.
NPD1 biosynthesis after systemic DHA in ischemic stroke selectively increased neuronal cREL and BIRC3 abundance and neurological recovery. To test the significance of NPD1 as a modulator of BIRC3 expression in vivo, we used experimental ischemic stroke by means of middle cerebral artery occlusion (MCAo) (Figures 6a-c) . Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)-based mediator lipidomic analysis revealed that upon DHA treatment, 17-HDHA (the stable derivative of HpDHA, the precursor of NPD1) as well as NPD1 were increased greatly only 1 day after the ischemic event on the ipsilateral side (Figure 6e ). Supplementary Figure S8 shows the mass spectrometry fragmentation pattern of these lipids isolated from the ipsilateral side of the brain. Rats treated with DHA consistently exhibited an improved composite neurologic score compared with the saline-treated group on days 1, 3 and 7 after stroke (Figure 6d ). These rats displayed improved tactile placement (proprioceptive, lateral and dorsal), forelimb placement, and an overall increased neurological score (Figure 6d ).
BIRC3 abundance also increased in the ipsilateral side of the brain of DHA-treated animals on day 1, but not on days 3 or 7, after MCAo (Figure 7a,Supplementary Figure S9 ). NPD1-dependent BIRC3 co-localized with NeuN, but not with GFAP ( Figures 7f and h and Supplementary Figure S10) . Quantification of neuronal BIRC3 showed an increase in BIRC3 abundance (Figure 7h) . Moreover, the overall content of cREL was increased by DHA treatment (Figures 7b and d) , as was the nuclear translocation (Figures 7c and e) . These results demonstrate that DHA, when administered systemically after MCAo, leads to NPD1 synthesis, enhanced ipsilateral neuronal cREL translocation, and BIRC3 expression. Thus, these studies reveal that the neurological recovery may result from the endogenous NPD1 synthesis and its consequent neuronal-specific cREL-mediated activation of a cluster of prosurvival genes, including BIRC3, following experimental stroke as a new pro-survival pathway.
Discussion
For the first time, evidence is provided that NPD1 activates pro-survival transcription factor cREL in cells in culture as well as selectively in neurons in an in vivo model of ischemic stroke. Moreover, consequent neuronal-specific BIR3 expression takes place. NF-κB dimers are shuttled from the cytoplasm into the nucleus either by phosphorylation, ubiquitination and degradation of inhibitors of NF-κB (IκBs) or, in the case of p100/p50 and p105/p52, by cleavage of the inhibitory domain. 25 The mechanisms by which dimers of cREL are activated remain largely unknown. Here, we uncover that NPD1 signaling induces an increased translocation of cREL dimers into the nucleus (Figures 4b, 5o, 7b, c and e) . Like other components of the NF-κB system, cREL presents a periodic behavior. [26] [27] [28] [29] This distinctive feature was noticed in the nuclear translocation of NF-κB (Figure 4b) , where the 2-h time point showed nuclear signaling in a high proportion of the cells, while the 4-h time point displayed very low levels of translocation in accordance with the time span between periods (where the periodic frequency is around 3 h and 45 min). 27 In this context, our data point to a first wave of nuclear NPD1 mediates neural survival through cREL, BIRC3 JM Calandria et al translocation (probably where the RelA/cREL dimer dominates), in which the initial transcriptional amplification of cREL begins (Figures 3d, 4b -d, 5o and p), followed by a second wave where the predominant dimer is cREL-cREL, which renders a sustained transcription of BIRC3 (Figures 1a, 3d, 4c , e, h and 5p). Thus, the role of NPD1 may be to alter the amplitude and period of the NF-κB cyclic response, and by doing so accelerate and heighten the pro-cell survival response (Figures 4l and m) . The role of BIRC3 in caspase inactivation is also unclear. BIRC3 was proposed to bind but not inhibit caspases 3 and 7, unlike their close family member XIAP. 24 However, here we show that BIRC3-silenced cells displayed a higher content of activated caspases 3 and 7 than control cells when treated with OS (Figures 5k and l) . Furthermore, the silencing of BIRC3 (Figures 5a-d and l-n) abolished the effects of NPD1. This strongly suggests that NPD1 acts through BIRC3 to decrease caspase activity. BIRC3 is involved in the steps that precede the switch between NF-κB activation, apoptosis and necrosis by regulating the formation of complexes I, II and III, especially the formation of complex II, which requires activation of RIP1, a ubiquitination target of BIRC3. 30 Complex II, or death-inducing signaling complex (DISC), is one of the initiators of effector caspases 3 and 7 along with the apoptosome. 1 Thus, BIRC3 may act through RIP1 on the caspase 8 complex to prevent the conversion of pro-caspase 3 into its active state. Accordingly, overall levels of apoptosis were decreased by the addition of Nec1 (Figure 5m ). BIRC3 silencing also increased necrosis (Figure 5n ), as described earlier, when SMAC mimetics were added. 31 The necrosis observed after BIRC3 knockdown was RIP1 dependent, since the process was abolished by the addition of Nec1 (Figure 5n ). The stereospecificity of NPD1 bioactivity (only to the 17S-10R and not to the R-R or S-S stereoisomers) implies that specific signaling takes place (Figure 1b ). LXA4 and resolvin E1 (RvE1), which also are engaged in cytoprotection but are not structurally-related lipids to NPD1, are ineffective in inducing BIRC3 expression. Upon OS, PLA2 releases DHA, and 15-LOX-1 catalyzes NPD1 synthesis. 10 Ischemic stroke involves a complex multiphasic cascade of cellular and molecular events, with an early ischemic phase followed by a secondary progression of injury from the neuroinflammatory responses. Initially, toxic nitric oxide, reactive oxygen species, proteases, lipases, phospholipases, cytokines and chemokines recruit peripheral macrophages, neutrophils, dendritic cells and later T and B cells. 32 Overall, neuroinflammation, excitotoxicity and enhanced OS threaten the integrity of neurons and other neural cells. DHA improves recovery after ischemic stroke 33, 34 and acts, through its conversion into NPD1, to halt homeostasis disruptions and cell death signals. 9 Thus increased NPD1 synthesis (Figure 6e) , as a consequence of DHA administration in a stroke MCAo model, induces selective neuronal cREL translocation followed by BIRC3 expression (Figures 7a, f and  h ), resulting in remarkable neurological recovery. Thus, as was the case in our cellular model, cREL was translocated into the nucleus to a greater extent in DHA-treated animals than in saline-treated ones (Figures 7c and e) , suggesting that NPD1 produced by the conversion of systemically-administered DHA (Figure 6e ) acts through c-REL-mediated BIRC3 transcriptional activation to elicit its neuroprotective mechanism. The cREL neuroprotective effects observed here are in agreement with previous work by Pizzi's group on brain ischemia, 35, 36 which poses that cREL-and p65/RelA-containing dimers are balanced as the main factors in neuronal survival. In our cellular model, we also found that when the cREL protein increases, it leads to survival and a decrease in p65/RelA, in response to NPD1 (Figures 4d, e, g and 5f-h and Supplementary Figure S7a) . These findings will help to further unravel the endogenous signaling that sustains retinal and brain cellular integrity, thus providing a greater understanding of these mechanisms that could lead to novel therapeutic approaches for neuroprotection.
Materials and Methods
Reagents and constructs. The primary antibodies to detect BIRC3, TNFR1, TBP, cREL, phospho-IκBα and IκBβ, and RelA for western blot and immunocytochemistry were obtained from LifeSpan Biosciences (Seattle, WA, USA), Abcam (Cambridge, MA, USA) and Cell Signaling (Danvers, MA, USA), respectively. Anti-GAPDH antibody was obtained from EMD Millipore (Billerica, MA, USA). Fluorescenttagged negative siRNA was acquired from Qiagen (Venlo, The Netherlands), secondary antibodies for immunocytochemistry were purchased from Molecular Probes (Life Sciences, Carlsbad, CA, USA), and antibodies used for western blot were obtained from GE Healthcare (Piscataway, NJ, USA). Buffers and supplies for western blot and cell cultures were obtained from Invitrogen (Carlsbad, CA, USA), Bio-Rad (Hercules, CA, USA) and Sigma (Saint Louis, MO, USA), and fetal bovine serum (FBS) was from Tissue Culture Biologicals, Inc. (Seal Beach, CA, USA). BIRC3/c-IAP2 promoter-driven luciferase reporter constructs, along with the mkB1, mkB2, mkB3 and mkB1,3 mutants, were generously provided by Tae H Lee (Yonsei University, Seoul, South Korea). BIRC3 and cREL expression was silenced using a mixture of three siRNA commercially available as Trilencer-27 siRNA knockdown duplexes kit (Origene, Rockville, MD, USA). Wild-type BIRC3-, cREL-and cRELfused-with-GFP-expression constructs were obtained from Origene. BIRC3 and cREL siRNA-resistant expression constructs were designed by including silent mutations in the siRNA binding sites and synthesized by GeneArt (Life Technologies-Thermo Fisher, Carlsbad, CA, USA). siRNA-resistant BIRC3 and cREL ORF were designed by JMC and synthesized by GeneArt (Life Technologies, Carlsbad, CA, USA). The mutated ORFs were subcloned in pCMV-XL5 (Origene) using SacI and XbaI restriction sites. Z-VAD was obtained from R&D Systems (Minneapolis, NE, USA), and Nec1 was purchased from Enzo Life Sciences (Farmingdale, NY, USA). Active growth factors FGF, CNTF, PEDF and BDNF were obtained from Sigma. 
37-39
The validated BIRC3, cREL, RelB and RelA promoter sequences were obtained from previous publications. 22, 40 Transcription of the RelB gene was regulated by NF-κB. 41, 42 Figure 5 , tactile placing (proprioceptive, lateral, dorsal reactions; normal score = 0, maximal deficit = 2) in rats after MCAo. DHA treatment improved the total and placing deficits on days 1, 3 and 7 compared with the saline-treated group. (e) Content of NPD1 and a second product of the stabilized precursor, 17HDHA, in penumbra regions of rats subjected to MCAo and treated with DHA or vehicle as a control. Data are means ± standard error of the mean; n = 6 per group. *Po0.05 in repeated-measures, ANOVA followed by Bonferroni test. DHA treatment = teal bars ) and (e) nuclear (lower panels) quantification from areas A1 to 3 (upper panels) and P1-3 (lower panels). (f) BIRC3 (red) and NeuN (green), and (g) BIRC3 (red) and GFAP (green) double staining on day 1 after stroke. (h) Quantification of the co-localization studies in (f and g). Data are means ± S.E.M.; n = 6 per group. *Po0.05 in repeated-measures, ANOVA followed by Bonferroni test. DHA treatment = teal bars Cell culture, nuclei extraction, transfection, treatments and luciferase assay. Silenced 15-LOX-1 cells were prepared as described previously. 12 Primary human RPE cultures were obtained from human eye cups, provided by the National Disease Research Interchange (NDRI), as described previously.
14 ARPE-19 cells and 15-LOX-1d cells were plated at a 125 000 cell per ml density and grown in DMEM/F12 containing 10% FBS and 1 × Penicillin/ streptomycin at 37°C 5% CO 2 , 99% relative humidity for 24-48 h until they reach confluency. The three cell types were serum-deprived for 8-16 h before the addition of NPD1 and its stereoisomers S-S and R-R, DHA/pigment epithelium-derived factor (PEDF), LXA4, maresin, RvE1 and H 2 O 2 /TNF-α. ARPE-19 cell nuclear extracts were prepared using a nuclear extraction kit (Millipore) following the manufacturer's protocol. Briefly, 100% confluent ARPE-19 cells were serum-starved for 8 h and then treated with 600 μM H 2 O 2 / 10 ng/ml TNF-α in the presence and absence of 400 nM NPD1 for 2 h. Cells were collected and processed in a cytoplasmic lysis buffer, passed through a 27 gauge syringe, and pelleted at 250 g. Pellets were resuspended in nuclear lysis buffer, passed again through a 27 gauge syringe to break down the nuclei, kept on a rotator shaker for 60 min, and then centrifuged at 13 000 r.p.m. Supernatants were then used to assess the nuclear content of cREL by western blot.
For the luciferase assay, cells were co-transfected with plasmid containing the BIRC3 promoter constructs depicted in Figure 3a and described in detail previously, 43 and GFP or β-galactosidase expression vectors were co-transfected using Lipofectamine 2000 (Life Technologies, Grand Island, NY, USA). For activation of canonical NF-κB, cells were transfected with plasmid containing p65/p50 promoter consensus sequence along with both positive (constitutively-active promoter) and negative controls. In all cases, transfection was performed 24 h after plating at an 80-95% confluency using Lipofectamine 2000 (Life Technologies) following protocols described previously.
12 BIRC3 and cREL siRNAs were transfected in ARPE-19 and hRPE cells using Lipofectamine 2000 (Life Technologies) following the manufacturer's recommendations. Transfection of the three siRNAs separately did not provide the same yield as a mix of three ( Supplementary Figures S11 and S12 ). Ten pmol per ml of total medium of fluorescent-tagged non-specific siRNA (Qiagen, Valencia, CA, USA) was added to the mixture of three siRNAs to assess the transfection efficiency (TE) in each sample. Twenty-four hours after transfection, cells were treated as described above or fixed to determine TE. TE averaged 85%, and experiments with TE lower than 80% were discarded. To determine translocation of cREL, two approaches were used: immunocytochemistry of cells (experiments depicted in Figures 4a-c) To evaluate the effect of growth factors, cells were treated with 20 ng/ml FGF, CNTF, BDNF or PEDF plus DHA, or NPD1 alone simultaneously with 400 μM H 2 O 2 and 10 ng/ml TNFα (OS). Overexpression of cREL and BIRC3 wild-type and siRNAresistant ORFs was performed similarly by transfecting the ORF contained in the expression vector pCMV6-XL5, as described above, and treating the cell 24 h later. cREL and BIRC3 expression in silenced and overexpressing cells was tested by realtime PCR (Supplementary Figure S7) and western blot (representative blots in Supplementary Figures S5 and S6 ). To assess luciferase activity, cell lysates were obtained using Passive Lysis Buffer (Promega, Madison, WI, USA) and mixed with a luciferase assay reagent (Promega). Chemiluminescence produced by luciferase and fluorescence from GFP was detected using Appliscan 2.3. Data were analyzed using SkanIt 2.3 (Thermo Scientific, West Palm Beach, FL, USA). In all cases, whenever transfection was performed, the transfection efficiency was tested using GFP expression vector as described previously. 14 TNFR1-stably silenced cells. Cells stably expressing the shRNA targeting TNFR1 were obtained from the ARPE-19 parental cell line using a protocol described previously. 12 Briefly, FuGENE 6 (Roche, Applied Science, Brandford, CT, USA) was used to transfect cells using four different vectors, each one carrying sequences targeting TNFR1 and non-specific shRNA included in the SuRE silence system (SABiosciences, Qiagen). Stable transfectant/neomycin-resistant cells were selected by growing them in a DMEM/F12 medium containing 10% FBS and 0.5 mg/ml Geneticin (Invitrogen). Surviving cells formed colonies that were trypsinized separately, grown and then tested for TNFR1 content using western blot (Supplementary Figure S2a) and real-time PCR (Supplementary Figure S2b) .
ChIP aasay, immunoprecipitation and western blot. The ChIP assay was performed as follows: ARPE-19 cells were grown in 10 mm culture dishes to confluency. After treatment, cells were washed with PBS 1 × and proteins were cross-linked to DNA by addition of 1% formaldehyde for 10 min followed by addition of 2.5 mM glycine for 5 min. Cells were scraped with ice-cold PBS 1 × and centrifuged at 400 × g. The pellet was washed three times with SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.1), and DNA was fragmented by sonication and incubated in ChIP dilution buffer (16.7 mM Tris-HCl, pH 8.1, 1.2 mM EDTA, 1.1% Triton-X, 167 mM NaCl, 0.01% SDS and protease inhibitors) with cREL antibody (Bethyl, Montgomery, TX, USA) at 4°C overnight. Samples were incubated with protein A/G plus agarose beads for 3 h, centrifuged, washed and eluted with 1% SDS and 0.1 M NaHCO 3 . Protein/DNA complexes were treated with Proteinase K. DNA was purified using the phenol/chloroform extraction method and amplified by PCR using the primers depicted in Supplementary Table S6 . For immunoblot analysis of the immunoprecipitated proteins, the eluted samples were treated with DNAse I (Invitrogen). Western blot was performed from lysates obtained using RIPA buffer supplemented with a protease inhibitor cocktail (Sigma). Total protein (30-50 mg) was mixed with Laemmli buffer containing DTT and loaded in Novex 4-12% precast gels and ran in an X-Cell running system at 120 V for 1.5 h. The transference was performed using the Trans Blot Turbo dry transferring system (Bio-Rad) on low fluorescent background PVDF membranes (GE Healthcare). Membranes were incubated with the corresponding primary antibodies overnight with fluorescent-tagged secondary antibodies for 1 h and then dried. Data were acquired using ImageQuant LAS4000 (GE Healthcare). Densitometric analysis was performed using ImageQuantTL software (GE Healthcare).
Microarray assay, PCR array and qPCR. Total RNA was isolated using an SV Total RNA isolation system (Promega) or RNeasy Plus Mini Kit (Qiagen). For qPCR array, cDNA was synthesized using an RT2 First Strand Kit RT 2 Profiler PCR pathway focused on an apoptosis-related gene array (SABiosciences, Frederick, MD, USA). Expression screening experiments using Affymetrix GeneChip HG-U133 plus 2.0 (Santa Clara, CA, USA) were carried out by the Microarray Core at the Louisiana State University Health Sciences Center, New Orleans. ARPE-19 cells were treated as described above and total RNA was extracted, tagged and hybridized in the microarray. Data obtained were analyzed using one-way ANOVA and false positive test. qPCR to assess expression of BIRC family members, cREL, RelA, RelB and TNFR1 was performed using CFX384 iCycler (Bio-Rad). Briefly, 1 μg of total RNA was reverse transcribed using an iScript cDNA Synthesis Kit (Bio-Rad), and the reaction was carried out with IQ TM SYBR Green Supermix (Bio-Rad); primers are depicted in Supplementary Table S7 . Data were analyzed using the delta-delta Ct analysis method. Included data show a single unique dissociation peak in the melting curve.
Immunocytochemistry, Hoechst staining, TUNEL assay and caspase activity assay. Immunocytochemistry assays were performed in 8-well slide chambers, and Hoescht staining was performed in 6-well plates following a previously-described protocol.
14 Briefly, cells were fixed in 4% paraformaldehyde for 20 min, permeabilized with Triton X-100 0.1% in PBS, and non-specific epitopes were blocked in 10% normal serum and 1% Bovine seroalbumin (BSA) in 1 × PBS for 1 h at room temperature. Immunostaining was performed by incubating primary antibody overnight at 4°C. Samples were stained for 2 h at room temperature with Alexa Fluor 555 and 488 conjugated secondary antibodies (MeridianLife Science Inc., Memphis, TN, USA) and nuclei were stained with Hoechst or DAPI. Hoescht staining was carried out using 2 μM Hoechst33258. Pictures were taken with Nikon DIAPHOT 200 microscope. Images were then imported into the image analysis software ImageJ (rsb.info.nih.gov/ij/), and processed using custom macros. TUNEL staining was performed using DeadEnd fluorometric TUNEL system (Promega) following the manufacturer's directions. Active caspases 3 and 7 were assayed using FAM-FLICA caspases 3 and 7 reagent, FAM-DEVD-FMK (Immunochemistry Technologies, Bloomington, MN, USA) following the manufacturer's protocol. Detection of necrosis was carried out using a GFP-Certified Apoptosis/Necrosis Detection Kit (Enzo Life Sciences) following the manufacturer's protocol. In all cases, slides were mounted in Dako Fluorescent Mounting Medium (Dako North America Inc., Carpinteria, CA, USA) and analyzed using an Axioplan 2 deconvolution microscope (Thornwood, NY, USA) and Zeiss LSM 510 Meta Confocal Laser Scanning microscope (Thornwood, NY, USA). Images were obtained and processed using SlideBook 4.2 and 5.0 software (Intelligent Imaging Innovations Inc., Denver, CO, USA) and LSM 510 Meta software (Thornwood, NY, USA).
Animals and focal cerebral ischemia model. All studies were approved by the Institutional Animal Care and Use Committees of the Louisiana State University Health Sciences Center (New Orleans, LA, USA) and Loma Linda University (Loma Linda, CA, USA). Male Sprague-Dawley rats (Charles River Lab., Wilmington, MA, USA) weighing 260 349g were fasted overnight but allowed free access to water. Anesthesia was induced with 3% isoflurane in a mixture of 70% nitrous oxide and 30% oxygen. All rats were orally intubated and mechanically ventilated. Temperature probes were inserted into the rectum and in the left temporalis muscles to maintain temperatures at 36-37°C during surgical procedures. The right femoral artery and vein were catheterized for blood sampling for arterial gases, pH, and plasma glucose.
Middle cerebral artery occlusion. Rats underwent 2 h of right MCAo by an intraluminalfilament, as previously described. 34 In brief, the right common carotid artery bifurcation was exposed through a midline neck incision and the occipital artery branches of the external carotid artery were isolated, ligated and dissected. After careful isolation of the internal carotid artery, a 3-0 monofilament coated with poly-L-lysine was advanced through the internal carotid artery to the MCA until mild resistance was felt. The neck incision was closed with a silk suture and the animals were then allowed to recover. After 2 h of MCAo, rats were reanesthetized with the same anesthetic combination and intraluminal sutures were carefully removed.
Behavioral tests. The animals underwent neurobehavioral assays by an observer blinded to the treatment groups at 60 min (during MCAo) and then on days 1, 3 and 7 after MCAo. The battery consisted of the postural reflex test and the forelimb placement test for visual, tactile and proprioceptive stimuli. Neurological function was graded on a scale of 0-12 (normal score = 0; maximum score = 12) as previously described. 34 Treatment and experimental groups. Docosahexaenoic acid (DHA; 5 mg/kg, Cayman, Ann Arbor, MI, USA) or vehicle (0.9% saline) was administered intravenously into the femoral vein at a constant rate over 3 min using an infusion pump at 3 h after onset of MCAo. For western blot studies of DHA-or saline-treated rats, animals were killed on days 1, 3 and 7 (six groups, n = 6 per group). For immunohistochemistry studies of DHA-or saline-treated rats, animals were killed on day 1 (two groups; n = 7 per group).
Statistical analysis. Data are presented as mean values ± S.E.M. Repeated measures analysis of variance (ANOVA) followed by Bonferroni procedures to correct for multiple comparisons was used for intergroup comparisons. Two-tailed Student's t tests were used for two-group comparisons. Differences at Po0.05 were considered as statistically significant.
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